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1.ȁ͉̲͛ͅ
ȁ̭͈઀ა͉́Ȅুடबٺ͈ထ௶ུ̦͂̽̀̈́ͅͅৗഎ
̥Ȅ̷͈࿚ఴٜͬࠨ̳̹͉ͥ͛ͅȄ͈̠̓̈́͢ͺίυȜ
Ι̦ခ̥̞݈࢘̾̀ͅა̳ͥȅ
ȁਲြȄܨ࢓་൲͈̈́̓बٺͅ۾ͩͥুட࡛ય͈ထ௶͉Ȅ
๱஌ࠁ͈๷໦༷೾৆ͬତ౵ୟ໦̳̭ͥ͂́خෝ̜́ͥ͂
ࣉ̢̧̹ͣͦ̀ȅ̱̥̱Ȅ๱஌ࠁࠏ͉́Ȅ੝ܢ౵͈઀̯
̈́ࢋओ̦ౣܢۼ́ఱ̧̩௩ఱ̱̠̹ͥ͛Ȅ̱̱͊͊ထ௶
ະخෝ͂̈́ͥḙ͈̭͉̏͂ΨΗέρͼ࢘ض͂͜ࡤ͊ͦͥȅ
ΨΗέρͼ࢘ض̞̠͈͉͂Ȅήρΐσ͈ಹ̧͈͉̹̦͊
Ξ΅΍ᾼၧے̭̱̠̞̠ͬܳͥ͂યಭഎ̈́࡞̞༷́ນ
࡛̯ͦͥȪLorenz, 1993ȫḙ͉̏ͦȄಹ̧͈͉̹͊೾ഽ͈ૃ
၄́ఱܨ̷͈͈ࢃ͈׋൲̦ఱ̧̈́גޣͬ਋̫̞̠̭ͥ͂
͂ͬփྙ̱̞̀ͥȅ৘षȄഛܨထ༭֚͜਩ۼ೾ഽ̈́ͣ͊ထ
௶خෝ̜̦́ͥȄࣞ໦ٜෝ͈ତ౵κΟσ͂ࣞ௸͈ΑΩ΋
ϋͬߐঀ̱̀͜Ȅܬ୯ထ༭͂̈́ͥ͂ထ௶ࣾඳ̜́ͥḙ̏
ুடबٺͅ۾ͩͥ๱஌ࠁ࡛ય͈ထ௶̞̾̀ͅ
ئ୼૞࿟ɖȆ઀ᚧȁݛɖɖȆො࢛ޕྶɖȆႝ࿐૯֚ɖ
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Abstract
ȁOn prediction of natural disaster, it is very important to predict rapid and discontinuous changes of non-linear 
phenomena (multiple regimes). As examples of multiple regimes related to natural disaster, there are various phenomena; 
appearance and disappearance of atmospheric blocking, transition among patterns of deep water circulation, transition 
between large meander and non-meander of Kuroshio path, and quasi-periodic collapse of snow avalanche. Recently, 
some new trial approaches to predict their behavior are conducted. In this paper, among their approaches, we introduce 
mainly a thermodynamic approach and its application to deep water circulation. It is a trial to understand the essence of 
phenomena by detecting macroscopic characteristics not depending on the details of system and is valid to predict various 
phenomena related to natural disaster involved in complex factors.
Key words : Natural disaster,  Predictability,  Non-linear phenomena,  Multiple regimes
͈̭͉͂Ȅਲြ͈਀༹͉ͅࡠٮ̦̜̭ͥ͂ͬা̱̞̀ͥȅ
̭͈̠̈́͢ેޙئ͉́Ȅಿܢഎ̈́ܨ࢓་൲̷ฺ̠ͦ͞ͅ
बٺ͈ထ௶͜૞ှ଻͈೩̞͈̱̠̈́̽̀͘͜ͅḙ͈̠̏͢
̈́๱஌ࠁ଻ͥ͢ͅထ௶ະخෝ଻͉Ȅఱܨ͈࡛યͅࡠ̴ͣȄ
ুடबٺͅ۾̯̰࡛ͩͥ̈́͘͘યͅࢩ̩ࡉ͈ͣͦͥ́͜
̜ͥȅਲ̽̀Ȅু டबٺ͈ထ௶͈૞ှഽ̹͉ͬࣞ͛ͥ͛ͅȄ
ਲြ͈਀༹͈ୈഽ഼ͬࣞ͛ͥႁ͈͕̥ͅȄ๱஌ࠁࠏ͈ಿ
ܢഎ̈́͏̞ͥͬ͘ၑٜ̳̹͈ͥ͛૧༹̱̞༷ͬౝͥຈါ
̦̜ͥ͂ࣉ̢ͣͦͥȅ
2.ȁఉਹτΐȜθ͈ထ௶͈ਹါ଻
̷͈ুடबٺ͈ထ௶̦ఱ̴̧̩͉͈͉ͦͥȄ๱஌ࠁ࡛ય
͈ݢࠣ́ະႲ௽എ̈́་اȪఉਹτΐȜθȫฺ̠̭̦͂ͅఉ
̞̭̦͂౶̞ͣͦ̀ͥȪ႕̢͊ȄStommel, 1961, Charney 
and DeVore, 1979ȫȅఉਹτΐȜθ͉ఉਹٜ͕͖͂൳̺̦݅Ȅ
ၑა͞ତ౵৘ࡑ͉́ఉਹٜȄ࡛ય͉́ఉਹτΐȜθ͂ࡤ
ɖ!!ඊၛ࣐ଽ༹૽ȁཡबشڠܿ੅ࡄݪਫ਼ȁ௙ࣣཡबࡄݪ໐࿝
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̭̦͊ͦͥ͂ఉ̞̠̜́ͥ͢ȅ͕͈͂ͭ̓ఉਹτΐȜθ
͂ࡤ࡛͊ͦͥય̤̞͉̀ͅȄ̜ͥેఠȪτΐȜθȫ̦ඏட
੄࡛̱Ȅ̷̱̩͈͊ͣેఠ̦௽̞̹ࢃȄठ͍ඏட̷͈ે
ఠ̦ਞၭ̱Ȅ༆͈ેఠͅ஗֊̳ͥȅ̷͈ેఠۼ͈஗֊Ȫτ
ΐȜθΏέΠȫ͈ஜࢃ́Ȅٸࠏ͉ͅࡐಠ̈́ૄ࠯͈་ا̦
̞̭̦̈́͂ఉ̩Ȅ̷͈஗֊͉Ȅ࡛યͅඤह̳ͥ๱஌ࠁ଻
ͥ͢ͅݢࠣ́ະႲ௽̈́་ا̦ࡔ֦͂ࣉ̢ͣͦͥȅ
ুடबٺͅ۾ͩͥఉਹτΐȜθ͈႕̱͉͂̀Ȅఱܨ͈
ήυΛ΅ϋΈ͈อ୆ȆٜકȄ٬ဢ͈૬௄੏۪͈ΩΗȜϋ
͈஗֊Ȅࣱಲ͈৮࣐Ȇ๱৮࣐͈஗֊Ȇୱ༲͈੔ਔܢഎ༲
ٟ࡛ય̯̰͈̦̜̈́̓̈́ͥ͘͘͜ȅষ̭͈ͦͣͅ႕̾ͅ
̞̀۰ౙͅ୰ྶ̳ͥȅ
඾ུັ߃͉̈́̓́༊ୌ໓͈̈́̓ఱܰ࿅̈́ఱܨ͈ၠͦͅ
ݙͣ̽̀ఱܨ͈־̦ݳजͥήυΛ΅ϋΈ࡛ય̦̱̱͊͊
̧ܳͥȪ଎ 1ȫḙ͉̏ͦȄ൳̲ાਫ਼́൳̲̠̈́͢ഛ࢓̦௽
̩͈́Ȅ႖ذ͞ఉַ͈̈́̓։ુܨય͈ࡔ֦̈́ͥͅȅ̱̥̱Ȅ
̷͈ήυΛ΅ϋΈ͈อ୆Ȇٜક͈ထ௶͉࡛ह͈̭͂ͧ́
̧̞̞̀̈́ȅ
࡛ह͈٬ဢ͈૬௄੏۪͉ఱୌဢ́ೆ̱ࣛఊ໹ဢ́຾ષ
̳̞̠ͥ͂ΩΗȜϋ̞̈́̽̀ͥͅȪ଎ 2)a*, Marotzke and 
Willebrand, 1991ȫȅ̷͈ΩΗȜϋً͉ݲ̤̞͉࡛̀ͅह͂
͉։̞̹̈́̽̀͂ࣉ̢̞ͣͦ̀ͥȪ଎ 2)b*-)d*ȫȅ̷͈Ω
ΗȜϋ͉අͅಿܢഎ̈́ܨ࢓ͅఱ̧̈́גޣͬဓ̢ͥȅ̱̥
̱Ȅ̷͈ΩΗȜϋ͈஗֊͈ထ௶͉࡛ह̧͈̭̞͂ͧ́̀
̞̈́ȅ
ࣱಲ͉ 10ා೾ഽ͈ਔܢ́ఱ৮࣐ࠐႹ͂๱৮࣐ࠐႹͬ߫
ͤ༐̳Ȫ଎ 3ȫȅၠ͈ͦ௸ࣱ̞ಲ͈պ౾͉Ȅ඾ུັ߃͈ܨ
࢓͉͂ͤ͜͢Ȅ஑ต͈࣎Ⴙ஖఼͞״܅ݽު͈ݽڕၾͅఱ
଎ 1 2003ා 6࠮ 11඾  00 UTC ͅ۷௶̯̹ͦఱܨ͈ήυΛ
΅ϋΈȅNCEP / NCAR ठٜଢ଼ΟȜΗͤ͢ै଼̯̹ͦ
200hPa ࿂ࣞഽȪmȫ͂କ໹໓α·Πσȅ൝౵஌ۼڞ͉  
120 mȅ໓௸͈ΑΉȜσ͉଎ֲ͈ئͅা̯̞ͦ̀ͥȅκ
ϋΌσັ߃͂؎ਗ́ήυΛ΅ϋΈ̦ࡉͣͦͥȅ
Fig. 1 Atmospheric blocking observed for 00 UTC on 11 June 
2003. Geopotential height (m) and horizontal wind vectors 
at 200hPa, obtained from the NCEP/NCAR reanalysis data. 
The contour interval is 120 m. The wind velocity scale is 
indicated by arrows at the bottom right corner. Blockings 
appear around Mongolia and Europe.
଎ 3 ࣱಲ͈యນഎࠐႹȅࣱಲ͉ 10ා೾ഽ͈ਔܢ́ఱ৮࣐
ࠐႹ͂๱৮࣐ࠐႹͬ߫ͤ༐̳ȅ̷͈ಎۼഎ̈́ࠐႹ̦͙
̭̜ͣͦͥ͂ͥ͜ȅ
Fig. 3 Representative path of Kuroshio. Kuroshio path shows 
bimodal features; the transition between large meander path 
and non-meander path takes place with intervals of around 
10 years. The intermediate path can be also observed.
଎ 2 ٬ဢ͈૬௄੏۪͈൳֚ޏٮૄ࠯ئ͈ఉਹٜ͈႕ȪHeld, 
1993ͥ͢ͅMarotzke and Willebrand, 1991͈ٜ୰̥ͣȫȅ
൳֚ޏٮૄ࠯ئ࡛́ह͈੏۪͈ΩΗȜϋȪaȫ͈͕̥ͅ
ઁ̩̈́͂͜ 3͈̾Ȫb, c, dȫΩΗȜϋ̦ంह̱̠ͥȅ̷
̸͈ͦͦΩΗȜϋͅ؊̲̀ܨ࢓͈ેఠ͉ఱ̧̩་ͩͥȅ
Fig. 2 An example of multiple steady states of deep water 
circulation under the same set of boundary conditions (from 
a review by Held, 1993 for Marotzke and Willebrand, 1991). 
Three patterns of circulation (b, c, d) exist under the same 
set of boundary conditions besides the present pattern (a). 
The state of climate is largely affected by each pattern.
ুடबٺͅ۾ͩͥ๱஌ࠁ࡛ય͈ထ௶̞̾̀ͅȽئ୼͕̥
Ƚ!3!Ƚ
̧̈́גޣͬဓ̢ͥȅ̱̥̱Ȅ̷͈ఱ৮࣐Ȇ๱৮࣐͈஗֊
͈ထ௶͉࡛ह̧͈̭̞̞͂ͧ́̀̈́ȅ
ୱ͞ग͈̈́̓໮ၥఘ͈५͉̜֚ͥ೰͈̯ࣞ͂߹̧ͬ͜
̾ેఠͬ༗̠̳͂͂ͥ߹̦̜࢜ͥȅ̷͈ેఠ಼̢̹ͬ͂
̧͉ͅȄఉତ͈઀̯̈́ୱ༲͂ઁତ͈ఱ̧̈́ୱ༲̭̳ͬܳ
̭͂ͤ͢ͅࡓ͈ેఠͅ࿗̠̳ͧ͂ͥȪ଎ 4ȫȅ̱̥̱Ȅ̷
͈ఱ̧̯͞ਔܢ͈ထ௶͉࡛ह̧͈̭̞̞͂ͧ́̀̈́ȅ
ոષ͈႕̥̥̠ͣͩͥ͢ͅȄুடबٺ͈ထ௶͈૞ှഽ
̹͉ͬࣞ͛ͥ͛ͅḘ͈̏ͦͣఉਹτΐȜθ͈ထ௶̦ਹါ
͂̈́ͥȅ̱̥̱Ȅ̷̦̩̺̯ͦͣ̾ͤͦͥॽழ̷͙͈͞
་൲͂հ೰଻ͬ঑෻̳ͥါ֦͉̺̩̥̞̞ͩ̽̀̈́͘͢ȅ
3.ȁထ௶͈͒૧̱̞ͺίυȜΙ
ոષ́੆͓̹̠̈́͢ুடबٺͅ۾ͩͥ๱஌ࠁ࡛યȄඅ
ͅఉਹτΐȜθ͈ထ௶̞̾̀ͅȄ̞̩̥͈̾૧̱̞দ͙
̦̯̜̈́ͦ̾̾ͥȪ႕̢͊ȄHergarten, 2002, Kleidon and 
Lorenz, 2004ȫḙ̴̭͉̏́͘ಠ৪̦ͣ٬ဢ͈૬௄੏۪͈
ΩΗȜϋ͈஗֊̷̞͈̾̀ͅഐဥ଻ͬږ̥̹͛๱໹࣑Ȇ
๱஌ࠁࠏ̤̫ͥͅ΀ϋΠυάȜ୆଼ၚडఱ͈ب୰ȪMEP: 
Maximum Entropy Productionȫ̞̾̀ͅ۰ౙͅ୰ྶ̳ͥȅ
ȁMEP͉Ȅ๱஌ࠁഽݞ͍๱໹࣑ഽ͈̞ࣞࠏ̤̞͉̀ͅȄ
ࠏ͉΀ϋΠυάȜ୆଼ၚ͈̞ࣞેఠ́հ೰ا̳̞̠ͥ͂
ب୰̜́ͥȪSawada, 1981, Paltridge, 1975ȫȅ႕̢͊Ȅષئ
̜ͥͅأഽओ̦̜ͥၠఘͬࣉ̢ͥȪ଎ 5ȫȅأഽओȪ۪ޏ
͈๱໹࣑ȫ̦઀̧̯̞͉͂Ȅ෎͉෎ഥ൵̽̀͢ͅ׋͊ͦͥȅ
̱̥̱Ȅأഽओ̦ఱ̧̩̈́ͥ͂Ȅ෎ͬͤ࢘͢ၚ̩͢׋͐
̹͛ͅ෎చၠȪಉ੬ࢹ௮ȫ̦อో̳ͥȅ෎చၠ̦͂͜͜
͂෎ͬͤ࢘͢ၚ̩͢׋̹͐͛ͅอో̱̹͈̜́ͥ̈́ͣ͊Ȅ
̷͈෎చၠ͈ࢹ௮͉෎̯ͬͣ࢘ͅၚ̩͢׋༷͐࢜ͅอో
̱̩̜̠̀́ͧ͂͠ࣉ̢͈͉ࣣͥၑഎ̜́ͥ͂এͩͦͥȅ
̷̱̀Ȅ෎ͬͤ࢘͢ၚ̩͢׋͐ેఠ̞̠͈͉۪͂ޏ͈๱
໹࣑ͬͤ࢘͢ၚ̩ٜ͢ક̳ͥેఠ̜́ͤȄ̷͉ͦ΀ϋΠ
υάȜ୆଼ၚ̦ͤ͢ఱ̧̞ેఠ͂̈́ͥḙ̦̏ͦMEP͈ܖ
ུഎ̈́ͺͼΟͺ̜́ͥȅ̾ͤ͘ȄMEP͉๱໹࣑ഽ̤͍͢
๱஌ࠁࠏഽ͈̞ࣞࠏ͈อో͈༷̞͈࢜̾̀ܰͅ௱ͬဓ̢
ͥخෝ଻̦̜ͥḙ͉̏ͦȄඅͅఉਹτΐȜθ͈̠̈́͢൳֚
ޏٮૄ࠯ئ́خෝ̞̩̥͈ٜ̦̜̈́̾ͤȄ̷͈ͦͣಎ́
࡛৘͉͈̠ٜ̦̓̈́͢ͅ஖̥̦͊ͦͥ࿚ఴ͂̈́ͥાࣣͅ
ခ̜̠࢘͂̈́ͥ́ͧȅ̷͈ાࣣ͉ͅȄ MEPͦ͊͢ͅȄ࿔აȄ
΀ϋΠυάȜ୆଼ၚ͈̞ٜ̦ࣞ஖̭͊ͦͥ͂̈́ͥͅȅ
̭͈̭͂ͬږ̥̹͛ͥ͛ͅȄِș͉Ȅ٬ဢ͈૬௄੏۪͈
ΩΗȜϋ͈஗֊͈ତ౵৘ࡑ̤̞̀ͅ΀ϋΠυάȜ୆଼ၚ
͈་اͬ಺͓̹ȪShimokawa and Ozawa, 2001, 2002, 2004, 
ئ୼͂઀ᚧ , 2004ȫȅ৘ࡑ͈਀ਜ਼͉ոئ͈೒̜ͤ́ͥȅ͘
̴٬ဢఱ੏۪κΟσͬঀ̽̀൳֚ޏٮૄ࠯ئ͈ఉਹٜͬ
ݥ͛ͥȅষͅȄ؂໦͈ૃ၄ͬཤ฼ݩࣞ֌ഽͅဓ̢̭ͥ͂
ͤ͢ͅȄ̷͈ఉਹٜۼ͈஗֊̧̭̳ͬ֨ܳȅ̷̱̀Ȅ̷
͈஗֊͈ஜࢃ͈΀ϋΠυάȜ୆଼ၚͬࠗॳ̳ͥȅ଎ 6͉
̷͈ତ౵৘ࡑ͈ࠫض̹͈̜ͬ͂͛́ͥ͘͜ȅ႕̢͊Ȅ̜
ٜͥ S3̥ͣΑΗȜΠ̳ͥ͂Ȅૃ၄͈ເ࣢ͅ۾̴ͩͣȄ͢
ͤ΀ϋΠυάȜ୆଼ၚ͈ఱ̧̈́༆͈ٜ S4ͅ஗֊̳ͥȪ৘
ࡑ r14, r15ȫȅ༷֚ȄS4̥ͣΑΗȜΠ̳ͥ͂Ȅૃ၄͈ເ࣢
ͅ۾̴ͩͣȄͤ͢΀ϋΠυάȜ୆଼ၚ͈઀̯̈́ S3͉ͅ࿗
̴ͣȄS4ͅၣͥ͘Ȫr18, r19ȫȅ൳အ͈̭̦͂ S1͂ S2͈
ۼ̭̞́ܳ̽̀ͥ͜Ȫr 04, r 05, r 08, r 09ȫȅ̳̻̈́ͩḘ̏ͦ
͈ͣ஗֊͉Ȅ΀ϋΠυάȜ୆଼ၚ͈௩ح̳༷̞ͥ࢜̾ͅ
̀๱خݙ̜́ͤȄMEPͬ঑঵̱̞̭̦̥̀ͥ͂ͩͥȪમ
ळ̞͉̾̀ͅȄࡔა໲४ચȫȅ
̱̥̱Ḙ͈̏٬ဢ͈૬௄੏۪͈ΩΗȜϋ͈஗֊̞̠͂
࡛ય̢̤̞̯̀͜ͅȄ஗֊̭̱̠ͬܳͥૃ၄͈ఱ̧̯̈́
͈̓೰ၾഎ̈́࿚ఴ͞MEP͈મळ̈́ഐဥૄ࠯̞͉̾̀͢ͅ
̩̥̞̞̭ͩ̽̀̈́͂ͧ͜ఉ̞ȅ̷͈փྙ̭͈́໦࿤͈
ࡄݪ͉̺͉̲̹̥̜̽͊ͤ́ͥ͘͘ȅ
̱̥̱Ȅ̹͘Ȅ̷͈̠̈́͢ܖயഎ̈́໐໦ͬౝͥদ͙͂
໼࣐̱̀Ȅ̷͈ߓఘഎ̈́؊ဥͬࣉ̢̞̩̭͉̀͂Ḙ͈̏
໦࿤͈อജ͂̽̀͜ͅਹါ̈́փྙͬ঵̜̠̾́ͧḙ̷̏
́ষ̭͈ͦͣͅࡄݪ଼͈ضͬܖய̱͂̀Ḙ͈̏ͦ́͘਀
༹͉́ඳ̱̞ুடबٺ͈ထ௶͈૞ှഽͬ࢜ષ̵̯̹ͥ͛
͈਀༹̞̾̀ͅࣉख़̱̹̞ȅඅِͅș͂̽̀ͅ૸߃̈́ഛ
ܨထ༭͈਀༹̞̾̀ͅࣉ̢͙̠̀͢ȅ࡛हȄܨય಩͈࡛
ު࣐̞́̈́ͩͦ̀ͥତ౵ထ༭͉́Ȅͺϋ΍ϋήσ৘ࡑ͂
̞̠਀༹̦ঀ̞ͩͦ̀ͥȅ୶ͅ੆͓̹̠͢ͅȄఱܨ͈͢
̠̈́๱஌ࠁࠏ͉́Ȅ੝ܢ౵͈ࢋओ̦ౣܢۼͅఱ̧̩௩ఱ
̱̠͈ͥ́Ȅম৘ષထ௶ະخෝ͂̈́ͥȅ̷͈̹͛Ḙ͈̏
਀༹͉́Ȅ੝ܢ౵ͬઁ̴̱̾་̢̀Ȅໝତ͈ତ౵৘ࡑͬ
࣐̞Ȅ̷͈໹޳ͬထ௶ٜ̱̞͂̀ͥȅ̱̥̱Ȅুட̦໹
޳̫͉̞͈ͬ͂ͥͩ́̈́́Ḙ͉̏ͦౙͅထ௶̦ޭ౤ͅఱ
̧̩͉ٸ̭͈ͦͥ͂ઁ̞ٜ̈́ͬ૽ࢥഎͅȪ̜̞͉ͥࠁ৆
എͅȫै ̨̞̳̞̞̠̽̀ͥ̈́͂ͅخෝ଻̦̜ͥȅ͚̱ͧȄ
ুட̷̴͉͈ٜ͈̠̻̞̥ͦͣͦ͌͂̾ͬ஖఼̳ͥȪ̜
̞͉ͥȄুட̷̤̞͉͈ٜ͉̀ͦͣͅͅ৘࡛ږၚͅओ̦
̜ͥȫ̴͉̜́ͥȅ୶ͅ੆͓̹̠͢ͅȄMEP̷͉͈ͅ஖
఼௱Ȫ̜̞͉ͥȄ৘࡛ږၚ͈ࠨ೰௱ȫͬဓ̢ͥخෝ଻̦
଎ 4 1996ා 2࠮ 29඾ͅ५ࠁࡇ๑ཅ಴̧̹́ܳঘ৪ 2ྴͬ
੄̱̹ୱ༲Ȫऒৢ૯ȫȅ̷͈ਔ༏͉́ఉତ͈઀̯̈́ୱ༲
̦̭̞ܳ̽̀ Ȫֲ̹ৢ૯ȫȅȪৢ૯͉ވͅგஂ߰ฎআज़גȫ
Fig. 4 Avalanche occurred at Iide Yamagata on 29 Feb. 1996 (left). 
It killed two peoples. Many small avalanches had occurred 
(right) around there. (Both pictures were taken by Dr. Kaoru 
Izumi).
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̜ͥȅͺϋ΍ϋήσ৘ࡑ͉Ȅౙ̈́ͥळ໐͈Ξ·Σ΃σ̈́
༹༷͉̩́̈́Ȅထ௶̳ͥΏΑΞθ஠ఘȄ̜̞͉ͥȄထ௶
̞̠͈͂͜ͅచ̳ͥএேͬນ̳͈̜́ͥ͜ȅ̱̹̦̽̀Ȅ
̷͈٨஝͉شڠഎ͜ͅఱ̧̈́փྙͬ̾͂͜ࣉ̢ͣͦͥȅ
ুடबٺͅ۾ͩͥ๱஌ࠁ࡛યͬၑٜ̳̹͈ͥ͛ٽැͅ
͉ȄMEP͈̠̈́͢෎ႁڠഎ਀༹ոٸ̯̰͈̈́͘͘͜͜ͅ
̦̜̠̜̠ͤͥ́ͧȅඅͅȄໝॠࠏͬၑٜ̳̹͈̯ͥ͛
̰̈́͘͘਀༹Ȅ႕̢͊Ȅέρ·Ησ͞ুࡨழ૕എႉٮે
ఠ̷͉͈̈́̓ခႁ̈́࢓༞̜̠́ͧȅ৘षȄ̷͈ͦͣٽැ
͉ͅ౷ݩ໤ၑڠഎ̈́ளऺͅఉ̩͈৘႕̦ࡉ੄̯̞ͦ̀ͥ
Ȫ႕̢͊ȄHergarten, 2002ȫḙ͉̏ͦͣȄ̹̩̽͘༆ș͈ٽ
ැ͈̥̈́Ȅ̷๊֚ͦ͂ͤ͜͢എ̈́ٽැ͈։̈́ͥ௰࿂ͬࡉ
̞̺̫͈̥̀ͥ̈́Ȅ̷ ͈൞̢͉࡛শത͉́Ȅ౗͜౶̞ͣ̈́ȅ
̭ͦͣͅވ೒̳ͥࣉ̢͉Ȅࠏ͈ळ໐ͅջం̱̞̈́ζ·
ΰ଻ৗͬ৾ͤ੄̳̞̠̭̜͂͂ͧͥͅȅ̜ͥփྙ͉́
࡛યაഎ̈́ၑٜ̜́ͥȅ࡛યა͉η·ΰၑა͈߃যၑ
ა͂௴̢̦̻̜̦ͣͦ́ͥȄ࿹̹࡛ͦયა͉Ȅࠨ̱̀η
·ΰၑა͈߃যၑა͉̩́̈́Ȅ̷ͦুఘ̦ࡕྟ̈́ၑა
̠͈̜͂̈́ͤͥ́ͥ͜Ȫനॄ , 2000ȫȅ႕̢͊Ȅൡࠗႁڠ
͉෎ႁڠͬܖய๊̫͈͉֚̿ͥ͂͜ͅࣉ̢̞̦ͣͦ̀ͥȄ
৘ष͉ͅൡࠗႁڠ͉෎ႁڠ͈֚໐ͬ୰ྶ̴ً̨̳ͥͅȄ̯
͉̞̩̥͈ͣ̾ͅ࠿બະخෝ̈́ب୰Ȫ΀σΌȜΡب୰̈́
̓ȫͅܖ̞̞̿̀ͥȅِș̦࿒̳ͥͅζ·ΰ࡛ય͈ထ
௶̞̠͂փྙ͉́Ȅൡࠗႁڠͤ͢͜෎ႁڠ͈༷̦͉̥ͥ
ͅୃږ́Ȅไဥ଻̦̞͈̜ࣞ́ͥȅ৘षȄ෎ႁڠ͉η·
ΰၑა̱̱̠̈́ۖࠫͥͅඊၛ̱̹ၑაఘࠏ̤ͬ̽̀͜
ͤȄ̷͈ၑაఘࠏ͉Ȅၾঊႁڠ͈࡛̈́̓య໤ၑڠ͈ജٳ
ͅष̱̀Ȅ̈́͌͂̾ͅ་ࢵͬท̥̹ͣͦ̈́̽࿷͈֚໦࿤
̜́ͥ͜ȪLieb and Yngvason, 1999ȫȅոષ͈փྙ́Ȅِș
͈૸߃̭̠ܳͥ̈́͢ͅȄ̷̱̀Ȅুடबٺͅ۾̠ͩͥ͢
̈́ໝॠ࡛̈́યͬၑٜ̳̹͉ͥ͛ͅȄۺࡓაഎ༹༷̈́ა̺
̫͉̩́̈́Ȅచય̳͂ͥࠏ͈஠ఘ͈߹ܱ࢜ͬ੆̳̠ͥ͢
̈́ζ·ΰ༹༷ა̦ຈါ͂এͩͦͥȅ
4.ȁ͂͛͂͘ജབ
ոષ̤̞̀ͅȄুடबٺ͈ထ௶͈૞ှഽ̹ͬࣞ͛ͥ͛
͉ͅȄ๱஌ࠁ࡛ય͈ఉਹτΐȜθ͈ထ௶̦ਹါ̜̭́ͥ
͂Ȅ̷̱̀Ȅ̷͈ထ௶͈̹͈͛૧̱̞ͺίυȜΙ̦ຈါ
̜̭́ͥ͂ͬ੆͓̹ḙ͈̠̏̈́͢ࡄݪ͉໦࿤؍౯എ̈́ࡄ
ݪ̜́ͤȄఉအ̈́చયȪ٬ဢȄఱܨ̥ͣୱຕȄକ໲ȄാगȄ
ࡥఘ౷ݩ́͘ȫ͂ఉအ̈́਀༹ȪၑაȄ۷௶Ȅ৒ඤ৘ࡑ͞ତ
౵৘ࡑȫ̥ͣ௙ࣣഎͅͺίυȜΙ̳̭̦ͥ͂ਹါ̜́ͥȅ
̹͘Ḙ͈̏໦࿤͉ཀٔഎ̈́ࡄݪ໦࿤̜͈́ͥ́͜Ȅ໦࿤
͈૦ޟȆຽݞ̦ਹါ̈́ͥͅȅ̷͈փྙ́Ȅࡢș͈ࡄݪ৪
̷̸̦ͦͦͅࡄݪ̳̺̫̩ͥ́̈́Ȅழ૕̱͂̀Ȅ̜ ̞͉ͥȄ
൳̲࿚ఴփে̹ͬ̽͜ࡄݪ৪൳আ̦Ⴒࠈ̱̀ࡄݪͬૺ͛
̩̭̦̀͂͠ਹါ̜́ͥȅ
̭̭̜̬̹̠́̈́ࣽ́͘͢։࡛̈́ͥય͂௴̢̧ͣͦ̀
̹̞̩̥͈࡛̾ય̦Ȅވ೒͈ٽැ́ၑٜ̯ͦͦ͊Ȅ̷ ͦͬȄ
̷͈͕̥͈ুடबٺͅ۾ͩͥ๱஌ࠁ࡛યͅഐဥ̧́ͥخ
ෝ଻͜੄̩̜̠̀ͥ́ͧȅߓఘഎ͉ͅȄକٺͅ۾ͩͥع
୼ΥΛΠχȜ·͈ࠁ଼͞౷ૼबٺͅ۾ͩͥ౯௄͈෫ٟ࡛
଎ 5 ๱໹࣑ࠏ͈อో͈ߓఘ႕Ȫ෎ഥ൵͂෎చၠȫȅ
Fig. 5 An example of development of non-equilibrium system (heat 
conduction and heat convection).
଎ 6 ٬ဢ͈૬௄੏۪͈ΩΗȜϋ͈஗֊̞͈̾̀ͅତ౵৘ࡑ
ࠫض͈ٽါȅਸ৊ (S
4
)͉΀ϋΠυάȜ୆଼ၚȪW K
-1
ȫȄ
؍৊ (ϭ )͉ၠ஌۾ତ͈डఱ౵Ȫ̾ͤ͘Ȅ੏۪͈ޑ̯Ȅ
SV=10
6 
m
3 
s
-1
ȫͬນ̳ȅऒ௰̜ͥͅത͉ධೆࣺ͈੏۪ͬ
ٜ̾͜ȪS͈൮໲ল́া̳ȫȄֲ௰̜ͥͅത͉ཤೆࣺ͈
੏۪ٜͬ̾͜ȪN͈൮໲ল́া̳ȫȄ࿦֣͉஗֊͈༷࢜Ȅ
࿦֣͈؍̜ܱͥͅ࣢͉৘ࡑ๔࣢͂஗֊͈̹͈͛Πς΄
Ȝ̱͂̀ဓ̢̹ૃ၄͈ఱ̧̯͂ເ࣢ͬນ̳Ȫ႕ȇr 04
͂ ∆ȫȅ
Fig. 6 Summary of the results of the numerical experiments for 
transitions among patterns of deep water circulation. The 
vertical axis (S
4
) indicates the rate of entropy production 
(W K
-1
), and the horizontal axis (Ψ) shows the maximum 
value of the zonally integrated meridional stream function 
for the main circulation (i.e., the strength of the circulation, 
SV(=10
6 
m
3 
s
-1
)). The dots on left side correspond to the 
steady states with southern sinking circulation (indicated by 
the capital letter "S"). The dots on right side correspond to 
the steady states with northern sinking circulation (indicated 
by the capital letter "N"). The arrows show the direction of 
the transitions. The symbols besides the arrows show the 
experiment number and the perturbation used as a trigger for 
the transition (e.g., r 04 and –∆).
ুடबٺͅ۾ͩͥ๱஌ࠁ࡛ય͈ထ௶̞̾̀ͅȽئ୼͕̥
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ય͈࿚ఴ̯̰̈́̓̈́͘͘໦࿤͈͒؊ဥ̦ܢఞ̧́ͥ͂ࣉ
̢ͣͦͥȅ
๵ࣉ
ུࣂ͉Ȅཡबشڠܿ੅ࡄݪਫ਼̤̫ͥͅ໐࿝ಿवၾ๯ࡄ
ݪȪ໹଼ 13ාഽ̥࡛ͣहȫͬܖய̱̞͂̀ͥȅষܢಎܢ
ْࠗȪ໹଼ 18ාഽ . ໹଼ 22ාഽȫ̤̞̀ͅȄུࣂ́া
̱̹იழ͙̱̹ͬ͂͜ͅ૧͈ܰࡄݪْࠗͬၛմಎ̜́ͥȅ
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ါȁক
ȁুடबٺ͈ထ௶͉͂̽̀ͅȄ๱஌ࠁ࡛ય͈ݢࠣ́ະႲ௽എ̈́་اȪఉਹτΐȜθȫ͈ထ௶ུ̦ৗഎͅਹါ̜́ͥȅ
ুடबٺͅ۾ͩͥఉਹτΐȜθ͈႕̱͉͂̀Ȅ႕̢͊Ȅఱܨ͈ήυΛ΅ϋΈ͈อ୆ȆٜકȄ٬ဢ͈૬௄੏۪͈ΩΗȜ
ϋ͈஗֊ȄࣱಲࠐႹ͈ఱ৮࣐Ȇ๱৮࣐͈஗֊Ȅୱ༲͈੔ਔܢഎ༲ٟ࡛ય̯̰͈̦̜̈́̓̈́ͥ͘͘͜ȅ̷͈ထ௶̞̾ͅ
̀Ȅ̞̩̥͈̾૧̱̞দ͙̦̯̜̈́ͦ̾̾ͥḙ̭͉̏́Ȅ̷͈̠̻ͦͣȄ̜ͥ෎ႁڠഎ༹༷̈́͂٬ဢ͈૬௄੏۪͈Ω
ΗȜϋ͈஗֊̷̞͈͈̾̀ͅ؊ဥ႕ͬಎ૤ͅત̳ٚͥȅ̷͉ͦࠏ͈મळͅջం̱̞̈́ζ·ΰ଻ৗͬ৾ͤ੄̳̭͂ͅ
࡛ͤ͢યུ͈ৗͬၑٜ̱̠̳͂ͥ͢দ͙̜́ͤȄໝॠ̈́ါள̦၁͙ࣣ̠ুடबٺͅ۾̯̰࡛ͩͥ̈́͘͘યͬၑٜ̱ထ
௶̳̹ͥ͛ͅခ̜࢘́ͥȅ 
΅ȜχȜΡȇুடबٺȄထ௶خෝ଻Ȅ๱஌ࠁ࡛યȄఉਹτΐȜθ
